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Introduction
Titanium and its alloys have been widely used as artificial joints, fracture fixation devices, and dental implants, because of their high fracture toughness and good biocompatibility. Titanium-based implants can not bond to the bone directly, since they are not bioactive. Therefore, in order to achieve bioactivity, several methods have been developed such as chemical treatment with NaOH [1, 2] or H 2 O 2 [3, 4] , sol-gel coating of titania layers, and thermal oxidation and specific space techniques [5] . These treatments produce the Ti-OH group in a titania layer on the titanium surface, and it has been reported that this Ti-OH group provides a catalytic effect in triggering the heterogeneous nucleation of hydroxyapatite in simulated body fluid (SBF) [6, 7] . It was confirmed that an apatite layer was formed on titania film in SBF. Once the apatite nuclei are formed, they grow by uptake of calcium and phosphate ions from the body fluid. In particular, the apatite can be formed on highly bioactive material in a short time. A high-energy laser beam or ultra violet (UV) irradiation have also been used to attempt to modify the surface so as to increase Ti-OH group formation. Kasuga et al. reported the deposition of apatite on compacts of TiO 2 powders (80% anatase and 20 % rutile) when they were irradiated with UV light (500 W, Hg lamp) in 1.5 SBF for 5 h at room temperature and subsequently held at 37 o C for 5, 10 and 30 days [8] . Also, Shozui et al. reported that UV irradiation on thermally oxidized titanium enhanced the in vitro apatite forming ability. This enhanced apatite forming ability was attributed to an increase in the number of Ti-OH groups and surface free energy due to UV irradiation [9] . However, the enhancement effect of bioactivity by UV irradiation decreased over time. Furthermore, it is difficult to treat implants with complicated shapes uniformly.
It has been reported that TiO 2 might be positively charged in reduction environment. Therefore, it is considered that the N 3-ion is concentrated near the surface of the TiO 2 layer. Thus, the properties of the TiO 2 interface may be controlled by incorporation of N 3-ion. In this study, apatite formation was studied on well defined surfaces of TiO 2 formed on pure titanium, subjected to nitrogen gas under precisely regulated oxygen partial pressures (P O2 ), in SBF at 36.5 o C. The dependence of the P O2 on the apatite formation was examined using quantitative Published under licence by IOP Publishing Ltd spectroscopic and microscopic measurements to assess apatite formation.
2. Experimental 2.1. Materials and methods Commercial pure Ti metal (Ti >99.9 %, Nilaco Co., Japan) 10 x 10 x 1 mm 3 was polished with a No. 400 diamond disk and then washed in acetone, 2-propanol and distilled water in an ultrasonic bath for 30 min. The Ti metal was placed in a furnace, the internal atmosphere of which was replaced with either O 2 (purity > 99.999 %), commercial air (purity > 99.99995 %), N 2 (purity > 99.99995 %), or PO 2 controlled N 2 using a solid-state electrochemical oxygen pump system. The gas flow rate was 3 x 10 -4 m 3 /min. The sample was heated to 973 K at a rate of 5 K/min, and then held at that temperature for 1 hour, where the PO 2 value was 10 5 Pa for O 2 , 10 Pa for the commercial N 2 , and 10 -14 Pa for the controlled N 2 . After that, the sample was cooled to room temperature at a rate of 5 K/min.
Surface characterization of the specimen after thermal treatment
The surfaces of the treated pure Ti were analyzed by thin film X-ray diffraction (TF-XRD) with a RINT Model 2000 (Rigaku Denki Co. Ltd., Tokyo, Japan). Surface chemical compositions of the outermost layers were analyzed using an X-ray photoelectron spectrometer (XPS) with an ULVAC-PHI (ULVAC PHI Inc., Tokyo, Japan). AlK radiation was used as the X-ray source. All binding energies were referenced to the carbon 1s component set to 284.5 eV. Overlapping peaks in the XPS spectra were separated by a computer-aided curve-deconvolution method. 2 and Na 2 SO 4 in ion-exchanged water in a polystyrene bottle, according to the method described previously [7] . This solution was buffered at pH 7.4 with tris(hydroxymethyl)aminomethane ((CH 2 OH) 3 CNH 2 ) and 1 M hydrochloric acid (HCl) at 36.5 o C. The thermally treated specimens were soaked in 30 ml of SBF at 36.5 o C for various periods of up to 7 days. After soaking, the samples were removed from the solution, washed with distilled water and gently dried. Scanning electron microscopic (SEM) images were obtained with a JSM-633OF Model (JEOL DATUM Co. Ltd., Nagoya, Japan) after gold treatment of the samples. The surfaces of the treated pure Ti were analyzed by TF-XRD.
Results and discussion
According to the TF-XRD analysis, a titanium nitride layer (TiN and Ti 2 N) was formed at lower P O2 (10 -18 Pa). TiO 2 was detected on the pure Ti heated under a P O2 of 10 -14
, 10 4 , 10 and 10 5 Pa. After heating, the weight of the oxide layer formed on the pure titanium was found to increase with increased oxygen partial pressure. Figure 1 shows N1s and O1s spectra of the pure Ti heated under a P O2 from 10 -18 to 10 5 Pa. Under a P O2 of 10 -18 Pa, a low-energy N1s peak at about 396 eV was detected, which corresponds to the Ti-N bonds in TiN, resulting from the nitrogen substitution of oxygen in the TiO 2 lattice. For samples heated under a P O2 of 10 -14 Pa, a high-energy N1s peak is present at 401 eV. It corresponds to oxidized nitrogen in a Ti-O-N structure, with the N atoms accommodated in the interstices of the TiO 2 lattice and directly bonded to one or more O 2-ions. For samples heated under higher P O2 , a high-energy N1s peak, which corresponded to the adsorbed nitrogen, is present at 400 eV. This peak could be contributed by N 2 molecules in the atmosphere adsorbed on the surface. The binding energy of O1s (sample heated under a P O2 of 10 -14 Pa) shift toward the low binding energy around 0.1 eV (Fig. 1(C) right) . These results show that N-doped TiO 2 is formed on pure titanium heated under a P O2 of 10 -14 Pa in nitrogen atmosphere at 973 K.
After soaking in SBF, apatite was detected on heat-treated titanium metal samples. Figure 2 shows the dependence of soaking time on the apatite coverage ratio on pure Ti heated under various P O2 in an N 2 atmosphere in SBF at 36.5 o C. The most apatite was formed, based on the growth rate calculated from the coverage ratio of apatite, on the titanium metal heated under a P O2 of 10 -14 Pa, followed by the sample heated under a P O2 of 10 4 (air) and 10 Pa (in N 2 ). The titanium metal heated under a P O2 of 10 5 Pa (in O 2 ) experienced far less apatite formation than the former three titanium samples. Similarly, very little apatite was observed for the titanium metal heated under a P O2 of 10 -18 Pa (in N 2 ). Figure 3 shows scanning electron micrographs of the surfaces of the pure Ti heated under a P O2 of 10 -14 Pa (left) and under a P O2 of 10 4 Pa (right) soaked in SBF at 36.5 o C for 5 days. The pure Ti was covered with hemispherical particles around several micrometers in diameter after 5 days of soaking in SBF. TF-XRD patterns of the pure Ti shows these particles are bone-like apatite. All of the surfaces of the pure Ti heated under a P O2 of 10 -14 Pa were covered with apatite, whereas the one heated under a P O2 of 10 4 Pa was not fully formed with the apatite. The N 3-ion is concentrated near the surface of N-doped TiO 2 . Thus, the surface of N-doped TiO 2 might be more negative than that of TiO 2 . This negatively charged surface strongly induced apatite formation. The apatite formation was initiated via calcium ion adsorption upon complexation with a negative surface-charged group and its subsequent complexation with phosphate ion. 4. Conclusion N-doped TiO 2 was formed on Ti subjected to nitrogen gas under precisely regulated P O2 of 10 -14 Pa at 973 K. This N-doped TiO 2 surface acts as potent substrate for apatite nucleation. The apatite formation predominantly occurs by calcium ion adsorption and complexation with a negatively charged group. The dependence of P O2 on apatite formation determined in this study is as follows: The growth rate of apatite decreases in the order P O2 of 10 -14 Pa > P O2 of 10 4 Pa > P O2 of 10 Pa > P O2 of 10 5 Pa >> P O2 of 10 -18 Pa.
